Abstract During the past two decades, several studies of fluid inclusions hosted in some opaque ore minerals using nearinfrared microscopy have been performed. Results indicated that this method can be applied to several sulfidic ores and metal oxides depending on their electronic band structures and infrared-active vibration modes. Infrared transmittance of individual ore minerals can be best characterized using Fourier transform infrared spectroscopy. Infrared microscopic observations are limited to the near-infrared region to about 2.3 μm depending on the IR sensitivity of the IR camera. The trace element content in ore minerals can be another limiting factor for optical observations in near-infrared light. Still, IR transmittance gradually decreases upon heating caused by shifting of IR absorption edges for higher wavelengths. Possibilities and limitations of studying fluid inclusions hosted in opaque minerals by near-infrared light microthermometry and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) are discussed.
Introduction
Fluid inclusions hosted in minerals yield important information in ore deposit research because they are faithful recorders of PVTX constraints of ore-forming fluids. Fluid inclusion data may provide important information on ore genesis and are useful tools for prospection and exploration; i.e., fluid inclusion studies may assist in determining and delineating individual mineral deposits and mineral provinces (e.g., Moncada et al. 2012; Bodnar et al. 2014) .
Fluid inclusions hosted in minerals are commonly studied under visible light using microthermometry and sophisticated instrumentation such as laser Raman spectroscopy and LA-ICP-MS. In ore deposit research, the study of fluid inclusions in gangue minerals such as quartz, carbonates, and fluorite, which are transparent for visible light, is well established. The data obtained are inferred to decipher the PVTX properties during ore formation under the assumption of co-genetic deposition of mineral associations of sulfides and/or metal oxides and gangue minerals in ore deposits from the same fluid. Roedder and Bodnar (1997) pointed out that almost all information about temperature, composition, density, and pressure of ore-forming fluids in fossil hydrothermal ore deposits is derived from fluid inclusion studies. Studies of fluid inclusions hosted in bright sphalerite and associated gangue minerals have shown that, locally, ore and gangue minerals may contain fluids of different compositions (e.g., Woods et al. 1982; Behr et al. 1987; Wilkinson 2001; Shimizu et al. 2003 ) and caution must be paid when solely using fluid inclusion data of gangue mineral-hosted fluid inclusions to infer the PVTX constraints of ore formation.
Most of the economically important ore minerals are opaque in transmitted light and therefore excluded for traditional microthermometric investigations. Several studies, however, have shown that some ore minerals are transparent in the near-infrared region (e.g., Campbell and Robinson-Cook 1987; Campbell and Panter 1990; Richards and Kerrich 1993; Mancano and Campbell 1995; Lüders 1996; Lüders and Ziemann 1999; Bailly et al. 2000; Kouzmanov et al. 2002; Rosière and Rios 2004; Lüders et al. 2005; Zhu et al. 2013; Ni et al. 2015) . Thus, infrared microscopy provides a means to study fluid inclusions hosted in opaque ore minerals such as metal oxides, pyrite, wurtzite, stibnite, some sulfosalts, and others in the near-infrared region.
This paper aims at the possibilities and limitations of infrared microscopy applied to fluid inclusion studies in opaque ore minerals particularly in combination with dating of fluid events or LA-ICP-MS analysis of fluid inclusions hosted in ore minerals.
Infrared transmittance of ore minerals
The infrared transmittance of minerals depends on their individual band structures and infrared-active vibration modes (e.g., Hunt et al. 1971a, b; Shuey 1975; Boldish and White 1998) . Many ore minerals are natural extrinsic (impurity) semiconductors and differ from conductors such as Au, Ag, and Cu by their non-metallic bonds.
The band theory of solids (or energy band model) implies that in semiconductors, the valence band (occupied with electrons) is separated from the conduction band (almost unoccupied with electrons) by a band gap (Fig. 1a) . The minimum energy that is required to excite an electron to move from the valence band to the conduction band is called band gap energy (Eg in Fig. 1a) . The band gap energy is given in electron volt and is different for individual ore minerals (Shuey 1975; Boldish and White 1998) . Minerals such as quartz, fluorite, carbonates, and even some ore minerals (e.g., Fe-poor sphalerite, proustite, cinnarbar) having band gap energies greater than 1.7 eV are transparent for visible light (1.7 to 3.3 eV). In contrast, the majority of ore minerals have band gap energies less than 1.7 eV and photons with equal or greater energy will be absorbed. Infrared light covers a broad range of photon energy from 1.7 to 0.00124 eV corresponding to a wavelength range λ = 0.73 to 1000 μm.
The inverse relationship between the photon energy and the wavelength of light is given by the following equation:
Thus, photons with lower energy than the band gap energy only weakly interact with the surface and will pass. For example, galena which has band gap energy of 0.37 eV (Schoolar and Dixon 1965) absorbs all near-infrared light with wavelength λ < 3.35 μm but will be transparent for photons having lower energy than 0.37 eV; i.e., galena is transparent at wavelength λ > 3.35 μm. This is illustrated in Fig. 2 showing the Fourier transformation infrared (FT-IR) spectra of galena from various occurrences in the spectral range λ = 1 to 4 μm (near infrared to beginning of mid infrared region). In contrast, stibnite with band gap energy of 1.72 eV (Efstathiou and Levin 1968) is always transparent for near-infrared light in the spectral range λ = 1 and 2.5 μm (Fig. 3) . The same holds true for studied samples of enargite and bournonite (Fig. 3) .
The infrared transmittance of minerals strongly depends on the crystal structure and chemistry, which both define the band gap energies. However, also, impurities within the crystal lattice may diminish the band gap energy and cause a decrease in infrared-light transmission.
In semiconductors, the number of free electrons is less than that in conductors. The valence electrons are arranged in couples in the form of electron bridges between the atoms. These electron bridges can be broken by, e.g., thermal excitation or absorption of light (photon energy), and excited electrons can move from the valence band to the conduction band due to their higher changed energy state. Semiconductors having the same number of electrons and holes are called intrinsic semiconductors. Doping of a semiconductor by impurity atoms of a different element with either higher or lower numbers of valence electrons into the crystal lattice of a semiconductor causes a change of the charge carrier density. Impurity semiconductors (e.g., natural semiconducting ore minerals) are either n-type or p-type semiconductors when there is a transport of negative charge in the form of electrons or defect electrons (positive holes), respectively (for details, see, e.g., Shuey 1975) . The conductivity of both n-type and p-type semiconductors is enhanced compared to that of intrinsic semiconductors (Fig. 1b, c) . In both n-type and p-type semiconductors, the Impurity semiconductors (e.g., many ore minerals) have either a surplus (n-type) or shortfall (p-type) in valence electrons, and thus, the conductivity of both types of semiconductors is enhanced compared to that of intrinsic semiconductors (for details, see text) concentration of valence electrons or holes, respectively, is higher than those of an intrinsic semiconductor. The surplus valence electrons of the impurity atoms in an n-type semiconductor are only weakly bound, and the energy states lie close to the valence band in a so-called donor level (Fig. 1b) . Thus, only little energy (less than the band gap energy) is needed to excite electrons to move from the donor level to the conduction band resulting in a high conductivity and, thus, in absorption of even lower energy photons. In contrast, p-type semiconductors have a shortage of electrons, and thus, the donor level lies closer to the valence band (Fig. 1c) . Only little energy is required to donate electrons from the valence band to the impurity atoms, thus resulting in an increased number of mobile defect electrons (holes) in the valence band.
Semiconducting ore minerals
Many sulfides as well as some metal oxides (e.g., hematite, Mn oxides, wolframite, or Nb-Ta oxides) are good semiconductors (Hunt et al. 1971a, b; Shuey 1975) . However, the band gap energies of individual sulfides and oxides are highly variable. For example, Fe-poor sphalerite has band gap energy of nearly 4 eV (Shuey 1975) and thus is nearly an isolator, whereas pyrrhotite has band gap energy of nearly 0 eV and is almost a conductor. Other sulfides have variable but almost low band energies (Shuey 1975 ), e.g., arsenopyrite 0.2 eV, galena 0.37 eV, pyrite 0.9 eV, and chalcopyrite 1.1 eV. Depending on doping with impurity atoms (electron donators or electron acceptors), natural semiconductors, e.g., galena, arsenopyrite, molybdenite, or pyrite, can be either n-type or p-type semiconductors (Shuey 1975) . Common impurities, for example, in pyrite are Co, Ni, Zn, Cu, and As (Fleischer 1955; Kulis 1999; Kouzmanov et al. 2010) . Hawley (1952) , Fischer and Hiller (1956) , have studied the semiconductive properties of natural pyrites and showed that pyrites with high Co and Ni or high Cu content are n-type semiconductors, whereas As-rich pyrites are p-type semiconductors. Furthermore, Karasev et al. (1972) suggested that pyrites from high-temperature hydrothermal veins and pegmatites in the absence of arsenopyrite tend to be n-type semiconductors, whereas sedimentary pyrites in the absence of Cu minerals are commonly p-type semiconductors. FT-IR transmission spectra of hydrothermal pyrites display sharp adsorption edges (hydrothermal pyrites; n-type), whereas sedimentary pyrites show either FT-IR spectra with poor or even no IR transmittance (Lüders and Ziemann 1999; Lindaas et al. 2002; Kouzmanov et al. 2002) .
Sphalerite provides an extreme example of how impurities can determine the band gap energy. As mentioned previously, sphalerite has a wide range of band gap energies up to about 4 eV. However, Keys et al. (1968) studied a natural sphalerite sample with high Fe content of 12.4 wt% and measured band gap energy of 0.5 eV and attributed this to impurity-induced conductivity. Figure 4 shows selected FT-IR spectra of ironpoor and iron-rich sphalerite samples from hydrothermal mineralization. The iron-poor sphalerite sample from Neudorf is also transparent for visible light and shows constant IR light transmittance in the wavelength range between λ = 0.9 and 1.9 μm. At higher wavelengths, the IR transmittance of the Neudorf sample (and all other samples) decreases and the sample becomes opaque for near IR light at about 2.4 μm (Fig. 4) . The infrared adsorption edges of iron-rich sphalerites and wurtzites are typically shifted toward higher wavelengths and fluid inclusions in iron-rich sphalerite can only be observed using near-infrared light microscopy (Fig. 4) . The FT- Since the IR sensitivity of available IR cameras is only limited to observation in the near-infrared region up to ca. 2.3 μm, fluid inclusions hosted in galena cannot be studied; i.e., galena samples are opaque in the spectral range of any microscope IR camera Fig. 3 FT-IR spectra of stibnite, enargite, and bournonite thick sections (90 μm) from different occurrences (Wiluna, Western Australia; Emeril, Turkey; Chelopech, Bulgaria; Clausthal, Harz Mts., Germany). Both FT-IR spectra of stibnite show slightly increasing IR transmission with increasing wavelength but different qualities of IR transmission probably due to trace element content (for details, see text). The FT-IR spectra of enargite and bournonite increase from 0.9 to about 1.2 μm and show more or less constant IR transmittance in the detected spectral range IR spectra of the studied sphalerite samples from high-T (280-340°C) hydrothermal mineralization (Freiberg; Lavrion) differ from the spectra of sphalerites from magmatic systems (North Fiji Basin and Zinnwald). So far, no statement can be made whether the FT-IR spectra of sphalerite yield information about the origin of the ore-forming fluids due the limited number of studied samples.
Besides impurities, the chemical composition may have a significant impact on the infrared transmittance of semiconducting sulfide minerals (Boldish and White 1998) . For example, fahlores widely occur in hydrothermal mineralization and are complex sulfosalts, which form solid solution series of the tetrahedrite (Cu 1 0 (Fe,Zn) 2 Sb 4 S 1 3 )-tennantite (Cu 10 (Fe,Zn) 2 As 4 S 13 ) group between both endmembers. Considerable amounts of the Cu can also be replaced b y o t h e r e l e m e n t s u c h a s A g i n f r e i b e r g i t e ((Ag,Cu)) 6 (Ag,Cu) 4 (Fe,Zn) 2 Sb 4 S 12-13 ), Hg in schwazite ((Cu,Hg) 1 2 Sb 4 S 1 3 ), or Te in goldfieldite (Cu 1 0 -12 (Te,Sb,As,Bi) 4-6 S 13 ). Only little is known about the semiconductive properties of fahlores. The band gap energy is assumed to be not greater than 1 mV (Wernik and Beson 1957) . Cu and Ag members are assumed to be p-type semiconductors, whereas Fe-rich members are more likely n-type semiconductors (Telkes 1950) . Table 1 shows the results of microprobe analyses of 13 fahlore samples from different occurrences. All samples have been inspected under the IR microscope for optical features, and it turned out that Sb-rich fahlore (tetrahedrite) shows good IR transparency, whereas the IR transmittance decreases with increasing As content ( Table 1) . As-rich fahlores (tennantite) are even opaque under the IR microscope. However, also, increased Hg and/or Ag content has a strong impact on the visible IR transmittance of the studied samples (Table 1 ). This is also reflected by the FT-IR spectra of some of the studied samples (Fig. 5 ). The tetrahedrite sample from Clausthal (Harz Mts., Germany) with low As concentration shows very good IR transmittance in the near-infrared region that decreases rapidly to ca. 1.7 to 1.8 μm (Fig. 5) . The IR transmittance of the As-bearing tetrahedrite sample from Silverton (Colorado, USA) is considerably lower, and there is even no IR transmittance in a studied tennantite endmember sample from Redruth (Cornwall, UK) in the nearinfrared region.
Infrared microscopes and cameras
Microscopic infrared images of fluid inclusions in opaque minerals that are transparent for near-infrared light can be obtained in two different ways. The Research Devices Model F infrared microscope, which is described in detail by Campbell (1991) , was used in previous infrared microthermometric studies (Campbell and Robinson-Cook 1987) . In this microscope, a visible image is projected via an infrared-sensitive plate onto a fluorescent screen. The Research Devices Model F infrared microscope allows observations in the near-infrared light region in the wavelength range between λ = 800 and 1200 nm (= 0.8-1.2 μm) with a maximum magnification of ×400.
Other microscopes such as the obsolescent Olympus BHSM-IR, the modified Olympus BX 53, or Leica DMRM use an infrared-sensitive TV camera to display the infrared image to a monitor screen. The optics of these microscopes is specially coated for IR application, and IR objectives with consistent IR transmittance in the spectral range λ = 0.8 to 3 μm are available. Some new microscopes on the market are suitable for applications in visible light and in the near IR to wavelengths up to about 1 μm. The transformation of the IR image to a monitor screen can be done either by digital IRsensitive cameras or by special analog IR cameras with extremely sensitive IR tubes. Today, microscopic observations in the near IR are limited to the spectral range λ = 0.78 to 2.3 μm and minerals which show IR transmittance above 2.3 μm (for example, galena, Fig. 2 ) are excluded for microthermometric investigations.
The resolution of simple IR-sensitive CCD cameras is usually not better than 1 μm (Fig. 6 ). These cameras are suitable to observe fluid inclusions in semiconducting ore minerals with band gap energies greater than 1 eV such as, e.g., enargite, bournonite, wolframite (Fig. 7) , and, under best circumstances, hematite (Fig. 8) . Fluid inclusions hosted in semiconducting sulfides with lower band gap energies (e.g., pyrite) can be studied only with highly sensitive IR cameras (Fig. 9) . Indium gallium arsenide (InGaAs) cameras, which are new on the market, show highly constant sensitivity in the nearinfrared region up to 1.8 μm (Fig. 6) . At the moment, the highest resolution of about 2.3 μm can be obtained when using a Dage-MTI camera with a Hamamatsu N2006-06 selected IR tube. However, the sensitivity of such IR tubes is much lower compared to that of InGaAs cameras in the spectral range λ = 1 to 1.8 μm and decreases continuously toward higher wavelengths (Fig. 6 ).
Optical observations in near-infrared light
A very important aspect that has a huge impact on the IR transparency of ore minerals is the thickness of the polished sections. Kulis (1999) studied the relationship between the temperature of opacity (i.e., the temperature at which the pyrite samples become opaque on the monitor screen upon heating) and the thickness of the polished pyrite sections. His studies show an approximately exponential relationship between temperature of opacity and thickness of the pyrite sections assuming similar adsorption coefficient of the studied sample. Cameras with IR-sensitive tubes are sensitive to wavelengths up to 2.3 μm but show decreasing sensitivity curves that are considerably lower in the spectral range λ = 1 to 1.8 μm compared to those of InGaAs IR cameras. The latter show more or less constant sensitivity up to 1.8 μm Although several ore minerals show good transmittance for near IR light, fluid inclusions hosted therein may show only poor or even no transparency. Richards and Kerrich (1993) were the first to observe dark fluid inclusions in pyrite samples and attributed the opacity of the pyrite-hosted inclusions to an intense refraction of IR light resulting from the high refraction contrast between pyrite and aqueous phase fluids. Kulis (1999) concluded that especially fluid inclusions hosted in pyrite that are tilted relative to the surface of the polished thick section often appear opaque due to the high IR refraction index of pyrite compared to that of water. However, it is noteworthy that opaque inclusions can be observed also in other ore minerals such as, e.g., chalcopyrite, sphalerite, sulfosalts, or wolframite. Therefore, the phenomenon of high IR light refraction between ore minerals and water-bearing fluid inclusions hosted therein is not restricted to pyrite.
Technical details for studies of fluid inclusions in near-infrared light
Transmitted light microscopes are equipped with an IR filter, which is placed in the pathway of the light in order to prevent heat being produced by infrared radiation from the sample. In contrast, microscopes being suitable for observations in the near-infrared region are equipped with special IR band pass filters that allow infrared light to pass through the microscope.
Fluid inclusion studies using infrared microscopy applied to fluid inclusions hosted in opaque ore minerals gave rise to debate whether or not infrared radiation falsifies the results of microthermometry due to enhanced heat production. Moritz (2006) studied enargite-hosted fluid inclusions using an infrared microscope equipped with a USGS gas-flow heating/ freezing stage. When using different IR cameras, i.e., a Hamamatsu IR tube camera that requires high IR light intensity as well as a CCD IR camera (low IR light intensity), Moritz (2006) observed a significant difference of ice melting temperatures, which he attributed to the effect of light intensity on phase transitions in fluid inclusions. He concluded that the measured final ice melting temperatures decrease considerably with increasing intensity of light and yield wrong salinities.
Other studies using a Hamamatsu IR tube camera and the USGS gas-flow heating/freezing stage show constant temperatures for ice melting and homogenization of pyrite-hosted fluid inclusions even when using very high light intensity (e.g., Lüders and Ziemann 1999; Kouzmanov et al. 2002) . Lindaas et al. (2002) tested the effect of infrared radiation of the sample and the thermocouple of the USGS gas-flow heating/freezing stage and found a standard deviation of the final melting temperatures of ±0.4°C for five times repeated measurements of the same inclusion using infrared light. When using a Linkam heating/freezing stage and infrared light, the standard deviation was even less (±0.1°C). Pflugbeil (1995) conducted multiple measurements for Wessel's Mine, Kalahari manganese field, South Africa, Schönberg Mine, Germany). All FT-IR spectra of the studied hematite samples show increasing IR transmittance starting at different wavelengths. Fluid inclusions hosted in hematite samples from Rio Marina and Wessel's Mine can be observed with IR-sensitive CCD cameras, whereas other samples can only be studied using IR cameras with higher IR resolution (e.g., IR tube cameras, InGaAs cameras) Fig. 7 Infrared photomicrograph of wolframite-hosted fluid inclusions from Panasqueira, Portugal. Photo was taken using a Q/Cam IR Fast 1394 camera Fig. 9 Infrared microphotograph of pyrite-hosted fluid inclusions from Murgul, Turkey. Photo was taken using a Hamamatsu C-2400 camera with an IR-sensitive tube calibrating the thermocouple of the USGS stage under transmitted and infrared light using synthetic fluid inclusion standards (Syn Flinc) of known melting and homogenization temperatures as well as fluid inclusions hosted in natural samples (quartz, sphalerite). During the measurements, care was taken that the thermocouple was placed outside the light beam. In this way, the correlation of measurements in transmitted and transmitted near-infrared light appeared to be very consistent (Fig. 10) .
When using a USGS gas-flow heating/freezing stage, it is important to adjusting the aperture diaphragm down in a way so that the thermocouple which fixes the sample is not positioned within the path of the light beam. When using a Linkam stage, the effect of heating is negligible as long as the diaphragm is cut down enough to prevent heating of the silver block.
By the use of CCD or InGaAs IR cameras, the light intensity being necessary for fluid inclusion phase transition observations is very low and temperature deviations due to IR heating can be ruled out.
As pointed out previously, many ore minerals are impurity semiconductors. The intrinsic conduction of semiconductors increases with increasing temperature and shifts the infrared absorption edge toward higher wavelengths (e.g., Seehra and Seehra 1979; Lüders and Ziemann 1999; Lindaas et al. 2002) . The shift of the IR absorption edges of semiconducting ore minerals has a huge impact for observing of phase transitions of fluid inclusions during heating runs. Campbell et al. (1988) observed that wolframite samples from the Panasqueira (tin-) tungsten deposit (Portugal) became completely opaque prior to final homogenization of aqueous two-phase fluid. The infrared device used for this study was designed for near-infrared observation in the spectral range λ = 0.8 to 1.2 μm. At room temperature, FT-IR spectra of various wolframite samples exhibit two maxima of IR transmittance in the spectral range λ = 0.8 to 2.5 μm (Fig. 11) . On heating, the IR absorption edge between 0.8 and 1.2 μm for a wolframite sample from Panasqueira decreases significantly; also, the IR absorption edge starting at ca. 1.8 μm (at room temperature) decreases and shifts to higher wavelengths (Fig. 12) . Thus, the IR absorption edge between 0.8 and 1.2 μm (at room temperature) became too low for the spectral response of the IR device used by Campbell et al. (1988) and the wolframite samples appeared opaque. When using an infrared microscope equipped with a high-resolution IR tube camera, it is possible to measure homogenization temperatures of fluid inclusions hosted in wolframite samples from Panasqueira and other tungsten deposits directly (Lüders 1996; Lüders et al. 2009; Ni et al. 2015) .
Shifting of the IR absorption edges of pyrite samples from various occurrences was also observed by Lüders and Ziemann (1999) , Kouzmanov et al. (2002), and Lindaas et al. (2002) . For example, Lüders and Ziemann (1999) performed FT-IR measurements on a pyrite sample from the Murgul massive sulfide deposit (Turkey) at 20 and 100°C and observed that even within this small temperature interval, the absorption edge shifted by 0.06 μm to higher wavelengths due to reduction of the band gap energy from 0.91 to 0.87 mV. However, the IR transmittance remained nearly constant even for higher wavelengths. Lindaas et al. (2002) studying IR absorption spectra in the temperature range from room temperature up to 350°C found similar results: a studied pyrite sample from Casapalca, Peru, showed an IR absorption edge at ca. 1.3 μm at room temperature that got shifted to ca. 1.7 μm upon heating to 350°C. Due to the shift of the IR absorption edge to higher wavelengths upon heating, most of the pyrite samples studied so far by IR microthermometry became completely opaque prior reaching the homogenization Fig. 10 IR microscope vs. transmitted light microscope microthermometric data of selected samples (data from Pflugbeil 1995) Fig. 11 FT-IR spectra of wolframite thick sections (90 μm) from different occurrences (Panasqueira, Portugal; Pechtelsgrün and Sauberg, Saxony, Germany; Lake District, UK; Glen Gairn, Scotland). Wolframite samples showing IR transmittance show two IR absorption edges. The quality of IR transmittance of the studied samples is highly variable probably due to variable Fe/Mn ratios (Pflugbeil 1995) or different trace element contents. Wolframite samples from Glen Gairn, which may contain up to nearly 8 wt% Nb 2 O 5 (Tindle and Webb 1989) , are opaque for IR light temperatures of the fluid inclusions hosted therein. In order to obtain fluid inclusion homogenization temperatures, cyclic heating runs, similar to the cycling method proposed by Goldstein and Reynolds (1994) , were performed (for details, see Lüders and Ziemann 1999) . Previous studies on pyritehosted fluid inclusions were performed using IR-sensitive tube cameras, which allow observation in the near-infrared region between 0.8 and max. 2.3 μm. However, the IR sensitivity of such cameras decreases continuously from ca. 1.2 μm onward (Fig. 6 ). This seems to be the reason why the transparency of pyrite gradually decreases with on heating. A new generation of InGaAs IR cameras showing nearly constant high IR sensitivity up to 1.8 μm (Fig. 6 ) may find a remedy for this problem. Figure 13 shows a sequence of IR photomicrographs of pyrite-hosted fluid inclusions taken at different temperatures upon heating in a Linkam TS 600 heating stage. The sample studied here originates from the massive sulfide deposit at Murgul, Turkey, and was previously studied by Lüders and Ziemann (1999) . In this study, the sample became completely opaque at about 250°C when using a Hamamatsu C-2400 IR tube camera designed for application up to 2.3 μm. In contrast, homogenization temperature of individual inclusions could be measured directly at 306.5 and 319.2°C when using a Hamamatsu InGaAs camera. Although the sharpness of the inclusions diminishes upon further heating to 400°C, the inclusions are still visible (Fig. 13) . Phase relations of the inclusions at room temperature are shown in Fig. 9 . In the temperature range between 175 and 275°C, the bubbles in both inclusions become continuously smaller. Note that the clarity of the inclusions does not get diminished significantly when using an InGaAs IR camera. In contrast, the same samples got opaque at ca. 250°C when using a high-resolution IR tube camera (Lüders and Ziemann 1999) . At 306.6°C, the bubble in the smaller inclusion homogenizes. Homogenization of the bubble in the bigger inclusions occurs at 319.2°C. Upon further heating to 400°C, the big inclusion decrepitates at 378.3°C. At 400°C, the image gets diminished but the inclusions are still visible In summary, there are several factors such as impurities, chemical composition, and first of all the shift of the IR absorption edges upon heating that control the IR transmittance of ore minerals. When using simple infrared CCD cameras with low IR spectra ranges (0.8-1.1 μm), the applicability of infrared microscopy for fluid inclusion studies in opaque minerals is limited to a few minerals such as stibnite, Fe-rich sphalerite, and some sulfosalts (Figs. 3 and 4) . Furthermore, it must be considered that the IR transparency decreases upon heating due to shifting of the IR absorption edge for higher wavelengths. Fluid inclusions hosted in, e.g., pyrite, can only be studied when using high-resolution IR tube cameras or InGaAs cameras.
Discussion
Near-infrared microscopy applied to studies of fluid inclusions hosted in some opaque ore minerals is a powerful tool for obtaining direct information about the composition and temperature of ore-forming fluids. The method can be applied to common ore minerals such as sphalerite, sulfosalts, pyrite, and oxides, although it has to be pointed out that there are limiting factors (see previous sections). Fluid inclusion data obtained from ore minerals can be compared with data derived from fluid inclusions hosted in transparent gangue minerals, which are associated or intergrown with ore minerals. Only such a comparison allows a statement whether or not ore and gangue minerals precipitated co-genetically from the same fluid. The latter assumption is generally made when the studied fluid inclusions are solely measured in, e.g., quartz from different types of ore deposits. In cases where fluid inclusion data being derived from ore minerals differ from those of fluid inclusions hosted in transparent gangue minerals, the reason for this may be various. Gangue minerals such as quartz or carbonates may easily recrystallize, and fluid inclusions may be modified. In contrast, ore minerals such as pyrite have completely different mechanical properties and fluid inclusions therein may preserve the original ore-forming fluid. Dilution of magmatic fluids by meteoric water may be the reason for different homogenization temperatures and salinity of fluid inclusions in ore and gangue minerals in some magmatic epithermal systems (e.g., Mancano and Campbell 1995) . Fluctuations in pressure due to fault zone movements may cause adiabatic cooling or decomposition of an ore-forming fluid, resulting in a shift of the latter to lower temperatures (Hagemann and Lüders 2003) . In sediment-hosted hydrothermal ore deposits, fluid mixing is a common mechanism to precipitate ore or gangue minerals. However, under best circumstances, combined studies of fluid inclusions hosted in ore and gangue minerals may indicate such processes and help to decipher the fluid evolution in ore deposits.
Besides a comparison of microthermometric data of fluid inclusions hosted in ore and gangue minerals, fluid inclusions in opaque ore minerals can directly be analyzed for chemical compositions using LA-ICP-MS (Kouzmanov et al. 2010) . For fluid inclusions hosted in transparent minerals such as quartz, this method is widely applied using transmitted light microscopy. Kouzmanov et al. (2010) performed detailed mapping of enargite and pyrite samples in infrared transmitted and transmitted-reflected light as well under visible reflected light in order to localize fluid inclusions in the ore minerals prior to laser ablation. No infrared camera was used on the LA-ICP-MS. The study revealed that quartz and pyrite from the Rosia Poieni porphyry copper deposit (Romania) precipitated from chemically distinct hydrothermal fluids (Kouzmanov et al. 2010) .
The mapping method used applied by Kouzmanov et al. (2010) , however, is highly extensive and could be simplified by some modifications of the LA-ICP-MS. One method to simplify LA-ICP-MS measurements of fluid inclusions hosted in IRtransparent ore minerals would be the replacement of the normal lamp house by an IR lamp house. Transmitted light microscopes are equipped with an IR filter in the pathway of the light. This filter can be removed and be replaced by an IR module, which allows IR light to pass through the microscope. Furthermore, the CCD camera of the LA-ICP-MS must be replaced by an infrared camera. A high-resolution camera is required for good imaging. For better localization of fluid inclusions prior to ablation via the Schwarzschild objective, an IR objective can be used optionally. Figure 14 shows fluid inclusions hosted in pyrite (see Fig. 13 ) seen under the Schwarzschild objective of a LA-ICP-MS system modified for IR application. When taking the described modifications into account, LA-ICP-MS analyses of fluid inclusions hosted in some opaque ore minerals can be performed routinely without extensive mapping.
Infrared microscopy also provides a means for directly linking petrological information with age data. Some ore minerals, e.g., hematite (e.g., Wernicke and Lippolt 1994; Lüders et al. 2005; Fig. 14 Photomicrograph of pyrite-hosted fluid inclusions also shown in Figs. 9 and 13. The photo was taken using a Schwarzschild objective of LA-ICPMS system modified for IR applications (for details, see text). Note that the photo was taken after performing heating runs shown in Fig. 13 and that the big inclusions to the right decrepitated at 378.3°C Ault et al. 2015) , sphalerite (e.g., Nakai et al. 1993; Pettke and Diamond 1996; Morelli et al. 2004) , and wolframite (Romer and Lüders 2006; Bai et al. 2013) , can be dated directly using different age dating techniques. All these minerals show good infrared transmittance, and thus, the temporal PVTX constraints of oreforming fluids can be derived from fluid inclusions studies and be combined with ages of the ore minerals. In the near future, further progress in developing methods for direct dating of ore minerals can be expected. Possibly more IR transparent ore minerals that contain fluid inclusions will become accessible for combined geochronological and fluid inclusion studies.
Conclusions
So far, fluid inclusions hosted in ore minerals in visible light only can be performed in Fe-poor sphalerite and cassiterite as well as in some Ag sulfosalts. Although there are limiting factors, near-infrared light microscopy provides a means of studying fluid inclusions hosted in some common ore minerals that are opaque in visible light. The data obtained from fluid inclusions in ore minerals provide direct information about salinity and temperature of ore-forming fluids.
Comparison of microthermometric data obtained from studies of fluid inclusions in ore and gangue minerals may prove genetic relationships of the mineral-forming fluids, e.g., coprecipitation of ore and gangue minerals from a single, fluid mixing. When using IR light microscopy, it will be possible to study the chemical composition of fluid inclusions hosted in some opaque ore minerals directly by LA-ICP-MS.
